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 Previous stable isotope research identified a riparian meadow in the Rocky 
Mountains where streamside box elder (Acer negundo) trees did not use stream 
water, the most reliable and readily available source.  Further dual isotope analysis 
showed that the water used by trees appeared to be more evaporatively enriched 
than all available measured sources, including stream water, precipitation-derived 
soil water, and groundwater. While it is unlikely that there is a missing pool of 
water accessed by the trees, they may be tapping into a distinct subset of the bulk 
soil water available, possibly derived from snowmelt from the preceding winter.  In 
this study, we investigated whether snowpack sublimation and melt may impart an 
enriched isotopic signature that persists throughout the following growing season in 
less-mobile soil water pools. Depth profiles of snow, bulk melt water, and early 
season soil lysimeter water were collected throughout the winter and analyzed for 
hydrogen and oxygen stable isotopes. As snow began to melt in the spring, water 
samples for isotope analysis were taken from soil profiles, stream water, 
groundwater, and stems. Although sublimation may have occurred at the site, 
neither sublimation nor exchange between melt water and snow imparted an 
evaporative isotope enrichment signal on the snowpack. However, tree xylem water 
remained isotopically enriched relative to all sources during the following growing 
season. These findings suggest that snowpack sublimation and liquid-ice isotopic 
exchange are not the source of evaporative enrichment in tree xylem water. 
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INTRODUCTION 
 
Naturally abundant water stable isotopes act as natural tracers that are both 
identifiable and quantifiable as they move from source to sink. Importantly, changes 
in the isotopic ratios of hydrogen and oxygen can indicate physical processes like 
precipitation, evaporation, and sublimation.  These intrinsic traits of stable isotopes 
have led to their common usage in the field of ecohydrology. In recent decades, 
stable isotope approaches have been used to address questions of water source 
partitioning [Weltzin and McPherson 1997, Jackson et al. 1999, Meinzer et al. 1999], 
seasonal patterns of water use [Dawson and Pate 1996, Zencich et al. 2002], and 
landscape level water budgets [Ehleringer et al. 2000, Dawson et al. 2002].   
The examination of rooting depth and plant water uptake is a common 
application of water stable isotopes because it is useful for determining ecosystem 
response to water availability [Bertrand et al. 2014]. Several studies from the late 
20th century relied on either the ratio of hydrogen (δ2H) or oxygen (δ18O) isotopes to 
indicate active rooting depths for plants. Stable isotope measurements are relatively 
noninvasive in that they do not require root excavation and destruction, and they 
extend measurements beyond one snapshot in time [Ehleringer and Dawson 1992]. 
It has been shown that plants do not fractionate water isotopes during uptake from 
the roots [White et al. 1985, Dawson and Ehleringer 1991] with the exceptions of 
halophytes and some woody xeriphytes [Dawson and Ehleringer 1991, Ellsworth and 
Williams 2011].  Thus the simple comparison of stem xylem water to vertical profiles 
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of soil water, to streams, and to shallow groundwater reveal plant water use 
patterns [Allison et al. 1984].   
In a landmark study, Dawson and Ehleringer [1991] used hydrogen isotopes 
to show that streamside trees were not using stream water, the most readily 
available source. Although intuition suggests trees with roots growing directly into a 
small mountain stream would be accessing stream water, the hydrogen isotopes did 
not match. The authors suggested the trees were instead using some deeper 
groundwater source. In this study, we revisit the study location of Dawson and 
Ehleringer [1991], now analyzing water from many of their study trees for dual-
isotopes (δ2H and δ18O) and incorporating samples of groundwater from new wells. 
Results from a sampling campaign in 2004 confirm Dawson and Ehleringer’s 
conclusion: the trees are not relying on stream water. However, extracted water 
from varying depths of soils and groundwater did not explain the persistent isotopic 
enrichment of trees either (Figure 1).  Note that a line through the water from the 
stems had a shallower slope than that of soil water, stream water, and groundwater, 
suggesting that the trees were obtaining water from an unidentified pool or 
combination of pools.  
While it is unlikely that there is some “missing” water resource available to 
trees, it is possible that smaller, distinct pools exist within the soil. Recently, 
scientists have suggested a “Two Water Worlds Hypothesis” in which at least two 
separate water pools exist in soils: a mobile pool and a second tightly-sorbed, less-
mobile pool [Brooks 2010, Bertrand 2014, McDonnell 2014]. Showcased in Brooks et 
al. [2010], the first water to enter a dry soil will tightly sorb to soil particles. At 
Brooks’ site in Oregon, this wetting event was the first autumn rain after a long, dry 







Figure 1: Stable isotope composition of water collected/extracted from soil cores at 
depths from 10-80 cm, stems of trees, adjacent groundwater wells, and a nearby 
stream from June - September 2004, relative to the local meteoric water line 
(LMWL). 
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the soil profile, with the most enriched (heaviest) water precipitating from the 
atmosphere first and thus adhering to the topmost soil particles. Tightly-sorbed 
water deeper in the soil became more and more depleted (lighter) as the storm 
moved over the land surface. Subsequent rain events continued to move via typical 
translatory flow, pushing water through the profile and eventually into 
groundwaters and streams. However, the tightly-sorbed soil water from the first 
rain event did not mix with subsequent water, and persisted throughout the warm 
season to later be used by trees when mobile water was absent. 
 At our study site just outside of Salt Lake City, UT, snowmelt is the 
dominant water input after a dry and cold winter season, rather than an autumn 
storm [Maurer and Bowling, 2014]. Therefore, the tightly-sorbed, immobile pool of 
water should isotopically reflect the first snow melt event. If this tightly-sorbed soil 
water is indeed the source of water for trees, wintertime snowpack metamorphism 
from water vapor diffusion, sublimation, or liquid-ice exchange may change the 
isotopic signature of the snow, shifting it below the local meteoric water line 
(LMWL).    
Snow retains a depleted isotopic signature that is consistent with the 
atmosphere in which it was formed in the clouds, unlike rain which exchanges with 
humidity near the land surface as it falls [Gat 1996].  When plotted in dual-isotope 
space, snow precipitation is therefore isotopically depleted in both δ2H and δ18O 
relative to rain but still remains along the meteoric water line (Figure 2a).  One 
might expect that sublimation would not have any overall isotopic fractionating 
effect if entire snow surface layers are removed without mass dependent 
discrimination [Friedman et al. 1991].  However, through the winter the 
accumulated snowpack can be altered by a number of processes, namely water 
5 
  
Figure 2: Conceptual diagrams of snowpack isotopic evolution.  (a) Precipitation 
falling as snow is more depleted than rain and falls along the local meteoric 
water line (LMWL). (b) A snowpack undergoing sublimation vapor loss becomes 
progressively enriched as the fraction of ice remaining decreases (direction of 
arrow). (c) The first meltwater to leave a snowpack is isotopically depleted, while 
the snowpack becomes progressively enriched below the LMWL as fraction of ice 




vapor diffusion and melting with subsequent interaction with ice [Moser and 
Stichler 1974, Taylor et al. 2001, Earman et al. 2006, Zhou et al. 2008].   
Water vapor in snowpack pores is isotopically depleted relative to the snow 
crystals at equilibrium because there is a difference in vapor pressures of H218O and 
2HHO that imparts a disproportional enrichment of heavy isotopologues in the solid 
phase during sublimation. This depleted water vapor can then diffuse along 
temperature-induced vapor pressure gradients throughout the snowpack, mixing 
with isotopically distinct layers and recondensing in new layers to ultimately create 
a heterogeneous isotope profile [Colbeck 1991, Taylor et al. 2001].  Additionally, 
liquid water from melting snow at the pack surface will exchange with water vapor 
within snowpack pores as it percolates throughout the pack, again altering isotopic 
profiles [Taylor et al. 2001].  When the conditions for sublimation occur (high solar 
radiative input, high winds), and snow is removed from at and near the snow 
surface, the remaining pack is not necessarily representative of freshly fallen snow 
[Sokratov and Golubev 2009].  Several laboratory and field studies have shown a 
progressive isotopic enrichment as snowpacks sublimate and lose mass [Moser and 
Stichler 1974, Kendall and McDonnell 1996, Sokratov and Golubev 2009, Gustafson 
et al. 2009, Biederman et al. 2012], resulting in a snowpack that falls below the 
LWML (Figure 2b).   
In addition to wintertime snowpack metamorphism and sublimation, the 
gradual springtime snow melting process can also impart isotopic variations over 
time.  Heavier isotopologues of water (2HHO or H218O) have slightly shorter bonds 
with stronger bond energies than H216O [Gat 1981].  As the snow pack begins to 
melt, the first melt water is relatively depleted in heavier isotopes compared to the 
remaining pack due to slight differences in bond energies between heavier and 
7 
lighter water. Several studies have shown that throughout the progression of melt, 
melt water shifts from being isotopically depleted to isotopically enriched relative to 
the original snowpack [Taylor et al. 2001, Feng et al. 2002, Gurney and Lawrence 
2004].  Importantly, the slope along which this melt process occurs is almost always 
shallower than the LMWL (Figure 2c) [Zhou et al. 2008, Lee et al. 2010].    
In this study, we investigated winter and spring isotopic effects of snowpack 
sublimation and melt, and whether these isotopic changes in snowpack can explain 
the apparent enrichment of tree xylem water in the subsequent growing season 
shown in Figure 1.  We hypothesized that the isotopic enrichment signal imparted 
by snowpack sublimation and melt persists in the first water to infiltrate dry soils at 
our site, which effectively becomes the less mobile soil water pool as demonstrated 
by Brooks et al. [2010].  According to the “Two Water Worlds Hypothesis” trees may 
preferentially extract water from this pool.  If so, these wintertime snow processes 
may explain the apparent enrichment of xylem water relative to bulk soil water at 









  Samples were collected from a small mountain meadow (studied by Dawson 
and Ehleringer [1991]) in Red Butte Canyon, a protected Research Natural Area 
located in the Wasatch Mountains just east of Salt Lake City, Utah. Local climate is 
characterized by hot, dry summers and long, cold winters. Mean annual 
precipitation is 700 mm, falling largely as snow in winter, with sporadic summer 
rain [Hely et al. 1971, Bond et al. 1977].  The meadow is at ~1800 m elevation and is 
approximately 1045 m2, bordered on its western edge by a first-order stream.  
Stream flow peaks during snowmelt in May where it is often an order of magnitude 
greater than in September at minimum flow. Although nearly a quarter of the 
annual precipitation falls as rain in the summer, mean stream flow does not 
increase during this period [Ehleringer et al. 1992].  Soils in Red Butte Canyon 
range from sandy to loamy clays, and are neutral to slightly basic with an average 
depth around 1m, especially along riparian reaches.  The dominant woody flora 
include boxelder (Acer negundo), and bigtooth maple (Acer gradidentatum) which 
grow along the stream and along a hillslope on the eastern boarder of the meadow.  





Snow and snowmelt sampling 
The snowpack was measured and sampled monthly from January 2014 until 
full snow melt in late March 2014 along three ~20 m transects representative of 
microclimate variability under the tree canopy near the stream, in the open 
meadow, and under a tree canopy in the meadow.  Snow pack cores were sampled 
monthly in roughly 10 cm depth increments from snow surface to soil surface and 
transferred to 0.5 L plastic Nalgene bottles. Bottles were sealed with wax film and 
allowed to melt before subsampling into 20 mL glass vials. Vials were sealed with 
wax film and stored in a freezer until further analysis. Snow melt was collected in 
three 5-gallon buckets, positioned in soil pits with openings level with soil surface. A 
mesh screen covered the opening to prevent bulk snow or organic litter accumulation 
throughout the winter. A small PVC pipe extended from the bottom of the bucket to 
breast height for easy access sampling. As snow began to melt, melted water 
collected in buckets was pumped through the PVC pipe and collected in 100 mL 
Nalgene plastic bottles. Subsamples were transferred to 20 mL glass vials, sealed 
with parafilm, and frozen until analysis. Twelve lysimeter bottles were installed at 
approximately 20 cm depth into meadow soil prior to snow accumulation in a 3x4 
grid. Each lysimeter was pumped to -200 kPa in order to access mobile soil water. 
Accumulated water was subsampled from buried jars into 20 mL vials, sealed with 
parafilm, and frozen until analysis.  
 
Xylem water sampling 
Trees growing along the eastern bank of the stream were sampled monthly 
from May until September in 2014. Monthly sampling dates on 5/3/14, 5/29/14, 
7/1/2014, 7/28/2014, and 9/1/2014 are henceforce referred to as May = 5/3/14, June = 
10 
 
5/29/14 , July = 7/1/2014, August = 7/28/2014, September = 9/1/2014 for ease.  
Healthy, suberized stems from Acer negundo and Acer grandidentatum were 
clipped, stripped of periderm and phloem, and placed inside 20 mL glass vials.  
These vials were wrapped with wax to prevent evaporative water loss, and 
refrigerated at 4 °C until analysis.  
 
Stream and groundwater sampling 
Stream water was sampled midstream, making sure to sample only freely 
flowing water.  Vials were sealed with parafilm to prevent evaporative fractionation 
and refrigerated until analysis.  Groundwater levels were measured using an 
electronic water level graduated meter before each purge.  At least two casing 
volumes of water were purged prior to sample collection from each piezometer, using 
an inertial pump (Solinst Model 404).  Sample vials were washed with well water 
three times prior to final collection.   
 
Soil water sampling 
 Soil cores were taken in 10 – 20 cm increments to a depth of 100 cm from 
just below the tree canopy and approximately 5 m away from the stream bank using 
a ratcheted soil bucket auger. Contents were emptied into a mixing vessel and 
roughly homogenized by shaking before a representative subsample was transferred 
to vials.  Vials were sealed with parafilm and refrigerated until analysis. Soil 
moisture sensors (Digital TDT Moisture Sensor, Acclima Inc., Meridian, ID) 
associated with a local climate station measured soil moisture at depths of 5, 10, 20, 
50, and 100 cm approximately 10 m from trees of interest. Similar methods were 




Water was extracted from stem and soil samples according to the cryogenic 
vacuum distillation method at the University of Utah’s Stable Isotope Ratio Facility 
for Environmental Research (SIRFER) isotope facility [Ehleringer et al. 2000]. 
Samples were run to full completion (~ 90 minutes) to ensure total transfer of water 
and inhibit any Rayleigh fractionation effects [West et al. 2006, Orlowski et al. 
2013]. Extracted waters were stored with activated charcoal for a minimum of 72 
hours to minimize organic compound contamination of water samples prior to mass 
spectrometry analysis. Groundwaters and stream water were filtered using a filter 
to remove sediment in water samples prior to analysis. Extracted water samples 
from 2014 were processed using a Picarro L2130-i Analyzer to measure both 
hydrogen and oxygen isotope ratios.  Samples from 2004 were analyzed by isotope-
ratio mass spectrometry (IRMS) at the SIRFER facility and for isotope ratios of 
hydrogen and oxygen.  Isotope ratios are expressed relative to Vienna Standard 
Mean Ocean Water (VSMOW) in ‰ notation: 
 
   δ2H or δ18O = ( 
Rsample
Rstandard
 – 1)*1000    [1] 
 
where R is the ratio of deuterium (2H) to hydrogen or 18O to 16O atoms of the sample 







Water potential measurements 
Tree water potentials were measured at predawn and midday throughout the 
2014 growing season using a pressure chamber [Scholander et al. 1965] in order to 






Snow and snowmelt isotopic evolution 
Snow pack accumulated through late March, with a maximum snow depth of 
0.57 m on February 2, 2014.  All snow water samples (snowpack cores, melt water, 
and soil lysimeters) fell along the LMWL (y = 7.67x – 3.1102) [G Bowen, unpublished 
results] (Figure 3a).  Snowpack and lysimeter samples had slopes that were only 
slightly shallower than the LMWL (7.4 and 6.9, respectively), while isotopes 
measurements of snow melt had a substantially shallower slope (4.8) (Table 1).  
However, snow melt collected on March 15 (latest sampling date) strongly influenced 
this slope (Figure 3b).  Snow waters in dual-isotope space are illustrated in Figure 
3a, clearly showing minimal deviation from the LMWL in general. 
Although initially depleted, snowmelt progressively enriched over time 
(Figure 3b).  This progressive snow melt enrichment was subsequently manifested in 
the bulk soil water profile collected following snow melt on March 15 (Figure 3c).  
The most depleted water was extracted near the soil surface, and the most enriched 
water was at depth.  When plotted in dual-isotope space (δ2H vs δ18O), this early 
bulk soil water had a slope of 7.2 (R2=0.97, n=10), very similar to the LMWL.  
 
Tree and soil water 
Similar to the 2004 growing season results, tree extracted water collectively 









Figure 3: Snowpack and snowmelt isotope data for winter 2014.  (a) Isotope ratios 
of snowpack cores taken in 10 cm increments, bulk snow melt collected in 
buckets, and snowmelt water collected with tension lysimeters, relative to the 
LMWL (dashed line) (b) Progression of snowmelt isotope ratios between Feb. 19, 
2014 and March 14, 2014 relative to the LMWL (c) Isotopic profile of 
cryogenically-extracted soil water following the end of the snow melt period on 













Best-fit line slopes of plots of δ2H vs δ18O for soil waters, stem waters, and snow 
waters for 2004 and 2014, with associated R2 values for sample size (n).  LMWL 
slope [G Bowen, unpublished results] for comparison. 
  
 




R2  (n) 
2004 Soil Water 5.8 -35 0.87 (76) 
2004 Stem Water 4.7 -59 0.77 (147) 
2014 Snowpack 7.4 -2 0.99 (52) 
2014 Snow Melt 4.8 -49 0.90 (12) 
2014 Lysimeter 6.9 -11 0.99 (19) 
2014 Soil Water 4.7 -52 0.88 (81) 
2014 Stem Water 4.1 -71 0.93 (77) 
LMWL 7.7 -3 -- 
16 
 
groundwater, or soil water throughout the 2014 growing season (Figure 4).  Trees 
began to bud in May, although leaves were not fully expanded until the June 
sampling date (5/29/14), and senescence occurred in late September.  From May to 
September 2014, tree and soil extracted water fell below the LMWL with slopes of 
4.1 (R2=0.93, n=77) and 4.7 (R2=0.88, n=81) for trees and soil, respectively.  In 
contrast, all groundwater and stream water cluster together and directly on the 
LWML throughout the growing season (Figure 4).   
A monthly breakdown of trees and soils (Figure 5) revealed certain sampling 
dates in which trees align with the soil evaporation line (July and Aug) while in 
other months, the isotopic composition of tree water fell below the soil line at 
shallower slopes (May, June, Sept) (Table 2). As the trees were just beginning to leaf 
out during May 2014, the trees appeared the most evaporatively enriched (trees: 
slope = 3.41, R2=0.93, n = 10; soils: slope=5.24, R2=0.95, n =12) and displayed the 
largest spread of values in dual-isotope space.  Once the trees were fully flushed 
(June 2014), the isotopic composition was more enriched than soil water, although 
only slightly offset and with a similar slope (trees: slope = 3.72, R2=0.89, n=10; soil: 
slope = 5.39, R2=0.99, n = 12). Conversely, in July and August, extracted tree xylem 
water fell just along the soil water evaporation/equilibrium line (July trees: slope = 
3.00, R2=0.64, n = 10; soil: slope = 3.36, R2=0.79, n = 12; August trees: slope = 5.55, 
R2=0.85, n = 10; soil: slope = 3.18, R2=0.95, n = 12).  However, September tree water 
once again fell below soil water at a much shallower slope (trees: slope = 2.90, 







Figure 4: Stable isotope composition of water collected/extracted from soil cores at 
depths from 10-100 cm, stems of trees, adjacent groundwater wells, and a nearby 
stream from 2014 growing season, relative to the local meteoric water line [G. 






Figure 5: Stable isotope composition of water collected/extracted from soil cores at 
depths from 10-100 cm, stems of trees, adjacent groundwater wells, and a nearby 
stream from May - September 2014, relative to the local meteoric water line 












Monthly best-fit line slopes of plots of δ2H vs δ18O for stem waters and soil waters for 




 Tree Extracted Water  Soil Extracted Water 











R2     (n) 
May 3.4 -74 0.93 (10) 5.2 -41 0.95 (12) 
June 3.7 -70 0.89 (10) 5.4 -39 0.99 (13) 
July 3.0 -82 0.64 (10) 3.4 -75 0.79 (12) 
Aug 5.6 -47 0.85 (10) 3.2 -80 0.95 (12) 
Sep 2.9 -84 0.30 (10) 5.5 -39 0.98 (12) 
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Soil moisture influence 
Throughout the growing season, soil volumetric water content (VWC) varied 
across depth and time, with deep soil moisture below 50 cm gradually declining 
throughout the season and shallower soil depths responding to summer rains 
(Figure 6).  Throughout this period, tree water potentials were measured and soil 
water potentials were estimated using midday and predawn water potential 
measurements (Table 3), with little variability.  Additionally, depth to groundwater 





Figure 6: Volumetric water content (VWC) of soils at depths of 5cm, 10cm, 20cm, 
50cm, and 100cm during the growing season 2014.  Month ticks correspond to the 








Average predawn and midday water potentials of trees (n=18) across the 2014 






Depths of wells installed among trees and along stream with average depth to top of 
the water column of each well across the 2014 growing season 
 
 May June July Aug Sept 
Predawn Ψ 
(MPa) 
-0.78 ± 0.19 -0.51 ± 0.02 -0.45 ± 0.04 -0.38 ± 0.03 -0.61 ± 0.09 
Midday Ψ 
(MPa) 
-0.82 ± 0.19 -1.6 ± 0.23 -1.43 ± 0.32 -1.74 ± 0.23 -1.49 ± 0.29 
 Total well depth (m) Avg. depth to water (m) 
Well 1 11.3 7.0 ± 0.4 
Well 2 14.9 8.6 ± 0.3 
Well 3 9.6 4.5 ± 0.1 
Well 4 14.4 7.5 ± 0.3 





Isotopic effect of wintertime snowpack metamorphosis 
 A number of winter processes can cause fractionation of a snowpack and 
shift its isotopic composition away from the LMWL, including 
evaporation/sublimation, melting/refreezing, vapor diffusion, and overall phase 
changes from ice to liquid water or water vapor.  Sublimation and evaporation 
impart kinetic fractionations that gradually enrich the snowpack, causing a shift to 
a shallower slope in dual-isotope space [Stichler et al. 2001, Lee et al. 2010].  
However, exchange with atmospheric water vapor may cause a shift back towards 
the LMWL, masking any effect of sublimation [Earman et al. 2006].  The relative 
importance of these processes is highly variable depending on local climate and 
microclimate, snowpack structure, humidity, and solar radiation input [Sommerfeld 
et al. 1987, Earman et al. 2006, Gustafson et al. 2009, Biederman et al. 2012].  
In contrast to our expectations, wintertime snow metamorphosis, melt, and 
sublimation did not appreciably shift the snowpack away from the LMWL at our 
site.  In fact, each snowpack remained clustered around the LMWL throughout the 
winter.  This is likely a result of a shallow snowpack that remains closely coupled to 
the atmospheric temperature. When snow packs are thick enough to insulate the 
ground below, the deppest layers of the snowpack are more stable and remain near 
0°C compared to those at the snowpack surface that are exposed to fluctuating 
colder and warmer atmospheric temperatures [Colbeck 1991].  Because the snow
24 
 
pack at our site remained quite shallow (0.57 m at its deepest), water vapor diffusion 
and mixing through the snowpack may not move primarily upward, as might be 
expected in deeper snowpacks [Sommerfeld et al. 1987].  Additionally, any snowpack 
pore water vapor would quickly equilibrate with the surrounding snowpack at the 
high relative humidity characteristic of snow packs, limiting any mass dependent 
diffusion gradients [Friedman et al. 1991]. All of this would only be true in the 
absence of wind, which enhances gas transport out of the snowpack [Bowling and 
Massman 2011].  Because all layers of the snowpack remained on the LMWL, if 
sublimation had occurred and removed layers from the surface of the snowpack 
throughout the winter, this bulk removal would not shift the remaining pack away 
from the LMWL because this removal is not mass dependent and would not 
preferentially remove hydrogen over oxygen.  This has been found in field studies 
[Friedman et al. 1991, Dietermann and Weiler 2013], although lab experiments have 
shown isotopic evolution [Sommerfeld et al. 1987, Stichler et al. 2001].   
Although our study did not measure sublimation rate or loss, it is possible 
sublimation still occurred without affecting the isotopic composition.  It is unclear 
whether sublimation will actually induce kinetic fractionation and impose a shift 
from the LMWL because it is often considered a minor process in relation to 
atmospheric water vapor condensation [Friedman et al. 1991, Gustafson 2009].  
Nighttime equilibration with atmospheric water vapor has been shown to pull any 
evaporatively enriched isotope signature back towards the LMWL by morning 
[Dieterman and Wieler 2013].  Regardless, wintertime processes impacting the 
snowpack did not shift snowpack isotopes away from the LMWL enough to explain 




Isotopic evolution of snow melt 
Water collected from snow melt buckets displayed a slight shift away from 
the LWML as expected with a slope of 4.8 (Table 1, Figure 3a).  This shift away is 
due to the different fractionation factors for solid to liquid transformations compared 
to the vapor to liquid fractionation factors for precipitation [Lee et al. 2009].  Many 
have reported much shallower snow melting slopes compared to the global meteoric 
water line (GMWL) slope of 8 [Taylor et al. 2001, Feng et al. 2002, Gurney and 
Lawrence 2004, Lee et al. 2010].  However, in our study, the snowpack melted 
rapidly, which could account for the only slight deviation from the LMWL in dual-
isotope space.  
 While many argue that the aforementioned fractionation factors cause the 
shallow slope shift of melting snow, Earman et al. [2006] claim greater exposure 
times are responsible for increased enrichment in later meltwaters, as demonstrated 
by a time-integrated total snowmelt isotopic signature that was more enriched than 
original bulk snowpack.  If this is indeed the case, the rapid melting of snow would 
minimize any ‘exposure-time’ differences between first meltwater and last 
meltwater.  Likely, the gradual enrichment of snow meltwater is firstly directed by 
the fractionation factors associated with phase change, and can be enhanced by later 
evaporation/sublimation/vapor exchange from longer exposure times.  
Although minor, progressive enrichment of heavy isotopes was detected over 
time in melt water (Figure 3b).  According to our prediction, the first water to melt 
from the snowpack is depleted relative to the bulk pack (Figure 2c) [Clark and Fritz 
1997].  In accordance with the results of Brooks et al. (2010), this first water to enter 
the winter-dried soil adhered to soil particles and filled the smallest soil pores at the 
surface.  As the snow continued to melt and infiltrating melt water gradually 
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became more enriched, small pores within the soil matrix were filled before allowing 
subsequent water to pass through. Our soil core water extractions following snow 
melt in March clearly show this progression, setting up an isotopic profile in the soil 
in the same manner as Brooks et al. (2010), although in the opposite qualitative 
pattern compared to their rainfall-based profile (heaviest at depth in our case rather 
than near the soil surface as in theirs).  
It is interesting to note that although total snowmelt deviated from the 
LMWL, the lysimeter water collected directly after snow melt remained along the 
LMWL.  Because lysimeter water is considered the more “mobile” pool of water, this 
also supports “Two Water Worlds Hypothesis” in which mobile soil water appears 
isotopically similar to stream water, while soil matrix bound water and trees fall off 
of the LMWL [Brooks et al. 2010, McDonnell 2014].   
 
Enrichment of tree xylem water 
The isotopic composition of tree xylem water remained evaporatively 
enriched relative to other water sources throughout the 2014 growing season. 
Because we did not detect substantial fractionation from snow sublimation or melt, 
these wintertime processes do not explain the persistent isotopic enrichment of tree 
water throughout the following growing season.  Indeed, results from the 2014 
growing season further support the notion that the results from 2004 were not 
merely anomalies, demonstrating the continued pattern of a shallower δ2H-δ18O 
slope than any bulk water resource. 
Because our 2014 samples of stream water, groundwater, soil water, and 
stem water were distributed across the entire growing season and collected on a 
monthly basis, we were able to dissect the bulk data into snapshots in time and 
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compare each date individually.  In doing this, we found that during some sampling 
dates (July and August) the tree water does fall within the soil evaporation 
regression line, while in other months (May, June, September), they fall below 
(Figure 5).  
The extreme enrichment of stem water in May 2014 can potentially be 
explained by tree phenology and post-winter xylem refilling. The trees were just 
beginning to bud and leaf out and were most likely just beginning to refill embolized 
vessels.  Wintertime xylem embolism is often a result of freeze-thaw events during 
which insoluble gases as released from ice as bubbles, which may enlarge after 
thawing when tension is restored [Sperry and Sullivan 1992.  It is probable that 
vapor water released in wintertime freeze-thaw cycles can diffuse across a vapor 
pressure gradient to the dry atmosphere. Additionally, the gradual evaporation of 
over-wintered stagnant water through the bark would cause isotopic enrichment of 
stem water [Phillips 1995].  Whether this enriched water persists in stem tissues is 
unknown, although dramatic isotopic shifts have been documented at the same time 
as leaf-out, suggesting that this artifact would be minimal after xylem refilling and 
not likely detected during continuous transpiration.   
In early June 2014, the trees had fully expanded their leaves, but remained 
outside of the soil water domain (Figure 5).  Upon comparison with soil moisture 
measurements (Figure 6, Table 3), June did not stand out as a particularly dry 
sampling date compared to subsequent months.  During the July and August 
sampling dates where the trees align with the soil water regression line, there was 
not a clear pattern to implicate soil moisture availability.  In July, soil moisture was 
still being continually depleted, while in August, the upper soil layers showed higher 
saturation due to a rain event (although below 5 cm, the soil remained dry).  
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However, in September when the trees were once again below the soil in dual-
isotope space, the soils appeared equally as dry.   
In addition, tree water potentials measured throughout the growing season 
did not indicate water stress.  It is possible to experimentally generate “vulnerability 
curves” describing the potentials at which various degrees of cavitation occur for tree 
species.  Vulnerability curves for boxelder [Hultine et al. 2008] and bigtooth maple 
[Taneda and Sperry 2008] suggest only minimal hydraulic conductivity loss due to 
cavitation for the levels measured in 2014. 
Many have recently stressed the importance of using H and O isotopes 
together for the purposes of water resource identification [Meiβner et al. 2014, 
McDonnell 2014], although most studies to date use only one or do not use them 
together.  It is important to note that had this study been conducted using a single 
isotope rather than both δ2H and δ18O, the predicated water sources would be 
different depending on which isotope was measured (Figure 7).  In fact, if using only 
δ2H as in Dawson and Ehleringer [1991], the tree would appear to be using stream 
water, groundwater, and/or mid-depth soil water.  However, if using only δ18O, they 
appear to overlap with only shallow soil waters (Figure 4).    
Several papers have recently reported similar results, citing the co-existence 
of multiple unmixed pools of water in the soil matrix, each held at different 
potentials and displaying distinct isotopic signatures. Chemical interactions within 
the soil matrix may further contribute fractionating effects that differ between the 
pools. In fact, over recent years, several studies have tried to extract water of known 
isotopic values that had previously been added to a variety of soil types. To date, 
none have been successful in the retrieval of similar isotope signatures in any soils 





Figure 7: Soil depth profiles of δ2H and 8*δ18O, which would scale together if 
samples fell along the LMWL.  Greater discrepancy between the profiles indicates 
greater d-excess.  Average tree stem water isotopes (triangles) illustrate the 
inconsistency of rooting depth predictions when only using a single isotope for 
some months.  
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West et al. 2006, Orlowski et al. 2013, Meiβner et al. 2014, Oerter et al. 2014, Stoll 
2014). This is an indication that certain soil properties such as texture (clays and 
silts especially) as well as chemical constituents (e.g. cations and carbonate deposits) 
may preferentially exchange or interact with hydrogen and/or oxygen isotopes. This 
discrepancy highlights a gap in our knowledge of isotope interactions, illustrating 
either real soil/root water partitioning phenomena or single-isotope interactions that 
affect only hydrogen or oxygen.   
It is also conceivable that these physical, mass dependent interactions 
occurring in small soil pores also occur within plant tissues.  In this way, there may 
actually be multiple pools of water within the tree sapwood or heartwood that are 
isotopically distinct.  The high degree of isotopic enrichment seen in the May 2014 
tree stems may be evidence on wintertime water loss from the tree stem [Phillips 
and Ehleringer 1995]. This “overwintered” water may or may not be completely 
flushed out of the stems upon xylem refilling in the spring.  If this water persists in 
either embolized vessels, axial parenchyma, nonconducting heartwood, or even in 
the most tissue-bound water, the overall isotopic signature of the tree xylem water 
will be a mixture of the current water resource and a past/evaporated one.  Further, 
depending on the tree water status, transpiration rate, and conductivity, these 
smaller pools of water may constitute an exceedingly larger proportion of the 
extracted stem water, thus causing an apparent shift in isotope ratio. 
The mechanism behind tree xylem evaporative enrichment at our site 
remains unclear; however, this is not a solitary outlier. In fact, studies from Oregon, 
Switzerland, China, and Mexico have also described this tree enrichment 
phenomenon, with no explanation [Brooks et al. 2010, Goldsmith et al. 2012, Singer 
et al. 2013, Zhao et al. 2013, Bertrand et al. 2014, Yang 2015]. Several recent studies 
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may hint at important soil chemistry that may limit the value of isotopic analysis. 
At present, we do not have a method to extract water at only biologically significant 
water potentials.  Cryogenic vacuum distillation extracts all water up to -15 MPa, 
far beyond a tree’s tension capacity [McDonnell 2014].  Likewise, suction lysimeters 
can only access highly mobile pools of water, representing only a portion of tree 
accessible water [Landon et al. 1999, McDonnell 2014]. This study highlights a 
dilemma of stable isotope ecohydrology in which tree xylem water does not 
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